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N-Glycosylation is one of the predominant posttranslational modiﬁcations, which is found in all three
domains of life. N-Glycosylation has been shown to inﬂuence many biological aspects of proteins, like
protein folding, stability or activity. In this study we demonstrate that the archaellum ﬁlament subunit
FlaB of Sulfolobus acidocaldarius is N-glycosylated. Each of the six predicted N-Glycosylation sites within
FlaB are modiﬁed with the attachment of an N-glycan. Although, it has been previously shown that N-
Glycosylation is essential for motility in S. acidocaldarius, as defects in the N-Glycosylation process
resulted in none or reduced motile cells, strains lacking one to all six N-Glycosylation sites within FlaB
still remained motile. Deletion of the ﬁrst ﬁve N-Glycosylation sites in FlaB did not signiﬁcantly affect the
motility, whereas removal of all six N-Glycosylation sites reduced motility by about 40%. Transmission
electron microscopy analyses of non glycosylated and glycosylated archaellum ﬁlament revealed no
structural change in length. Therefore N-Glycosylation does not appear to be important for the stability
and assembly of the archaellum ﬁlament itself, but plays a role in other parts of the archaellum assembly.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Microorganisms form a variety of cellular appendages, such as
ﬂagella/archaella or type IV pili. These structures allow organisms
to interact with their surrounding environment either by tethering
to surfaces, or by active cell movement such as twitching, gliding
and swimming [24]. The ability tomove actively is beneﬁcial for cell
survival, as it allows the change from an unfavorable environment
towards more favorable conditions. The most common motility
structures are the ﬁlamentous surface appendages termed ﬂagella
in Bacteria and archaella in Archaea. Although both motility
structures share the same function, the archaeal and bacterial
motility structures are structurally unrelated [22].
The bacterial ﬂagellum motor consists of two parts: a non-
rotational membrane bound part (stator) and a rotor to which the
hook and theﬁlament are linked. The rotarymotor is poweredeitherhaea, University of Freiburg,
1, 79104 Freiburg, Germany.
.de (S.-V. Albers).
B.V. This is an open access article uby the proton- or the sodium-motive force [31]. More than 50 pro-
teins are known to be involved in the biosynthesis and assembly of
the ﬂagellum [10]. In contrast to the ﬂagellum, the archaellum
structurally resembles bacterial type IV pili, which are comprised of
only around 15 proteins. The archaellum assembly apparatus is
composed of FlaJ, a membrane protein homologous to the bacterial
type IV pilus protein PilC. Moreover, the archaellum contains the
ATPase FlaI, which is necessary for assembly and rotation of the
ﬁlament [38] (Fig. 1A) and is homologous to PilB in bacterial type IV
pili. The ﬁlament forming subunit, the archaellin FlaB, is initially
produced as precursor protein, which includes a type-IV pilin-like
signal sequence [16,42]. These pre-archaellins are processed prior to
assembly into the archaellum by the action of a speciﬁc signal
peptidase PibD/FlaK [3,9]. In contrast to ﬂagella, in which the ﬁla-
ment subunits are assembled on the distal tip after passing through
an internal channel, the archaellins assemble at the base of the
archaellum ﬁlament similar to the assembly of type-IV pili.
In Archaea and Bacteria the individual subunits of the motility
ﬁlament are posttranslationally modiﬁed by glycosylation. Glyco-
sylation of ﬂagellins has been demonstrated for a number of Gram-
negative bacteria, including Pseudomonas aeruginosa [4,39], Heli-
cobacter pylori [25], Aeromonas spp. [37], Caulobacter crescentusnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Fig. 1. Biosynthesis pathway and predicted secondary structure of the archaellin FlaB. A) The N-linked tribranched hexasaccharide of the archaellin, is synthesized on the lipid
carrier dolichol-(pyro?) phosphate. Agl3 and Agl16 are essential for the full N-glycan biosynthesis, creating UDP-sulfoquinovose (Qui) or transferring the terminal glucose onto the
premature lipid linked oligosaccharide, respectively. The lipid linked oligosaccharide is translocated across the membrane by an unknown ﬂippase and the glycan is transferred onto
the secreted target protein (FlaB) by the oligosaccharyltransferase AglB. The pre-archaellin FlaB is processed by the peptidase PibD and assembled into the archaella ﬁlament. B)
Secondary structure prediction of FlaB using PSIPRED [13]. Primary sequence of FlaB from S. acidocaldarius with the six predicted N-Glycosylation sequons (marked red), including
the targeted Asn residues (bold), three nonconserved sites (marked in green), and the predicted secondary structure: a-helices (pink, H), b-strands (yellow, E) and coiled (black line,
C) are displayed. The archaeal class III signal peptide cleavage site, between G11/L12, has been predicted using FLAFIND [42].
B.H. Meyer et al. / Biochimie 118 (2015) 294e301 295[29], Shewanella oneidensis [12], Campylobacter species [15], and
Clostridium botulinum [45]. Glycosylation of the ﬂagellar ﬁlament in
Gram-positive bacteria has only been described in Clostridium [45]
and Listeria [40]. All these ﬂagellins are O-glycosylated, in which
glycans are sequentially added to the hydroxyl oxygen group of
serine and threonine. In addition to O-linked glycosylation, mem-
bers of the ε-Proteobacteria, like Campylobacter and Helicobacter
species, as well as a subset of D-Proteobacteria, including Desulfo-
vibrio or Wollinella species, are also able tomodify their proteins via
N-linked glycosylation [36]. During N-Glycosylation the N-linked
oligosaccharide is ﬁrst assembled on an isoprene-based lipid car-
rier from which the oligosaccharide is transferred en bloc onto an
asparagine residue found within a conserved Asn-x-Ser/Thr motif
(where x is any amino acid except proline) of a target protein. In
contrast to Bacteria, the archaellins or archaeal pilins have been
shown to be modiﬁed with N-linked glycans, rather than with O-
glycans [23] [26,33e35,44,47].
BothN- andO-glycosylationhavebeen shown to be crucial for the
function of ﬂagella and archaella. In Bacteria, defects in glycosylation
process are known to compromise the function ofﬂagella, either due
to problems with their assembly and motility [6,17,21] as well as
reduced pathogenicity for a number of bacterial pathogens [30], e.g.
in Campylobacter jejuni [21] and P. aeruginosa [5]. In Archaea, defects
in N-Glycosylation inﬂuence the function of the archaellum. In Hal-
oferax volcanii, Methanococcus voltae, Methanococcusmaripaludis, for
example, deletion of aglB, whose encoded product the oligo-
saccharyltransferase is the central enzyme of the N-Glycosylation
pathway, resulted in non-motile cells, lacking any archaella ﬁlament
[1,14,44,46]. In Sulfolobus acidocaldarius, N-Glycosylation mutants,
which exhibited a reduced N-Glycans size, lacking one or three ter-
minal sugar residues, were severely effected in motility, as the cells
showed no or extremely low motility [33,34]. While these previous
studies showed that the function of archaella is dependent on N-
Glycosylation, the question arose whether the observed loss of
motility is caused directly by the loss ofN-Glycans on the archaellins
or indirectly byglycosylation defects of other parts of the archaellum.
In this study we elucidated the effect of the loss of N-Glycosylation
sites within the archaellin FlaB, and its effect on motility.
2. Materials and methods
2.1. Strains and growth conditions
All strains of Sulfolobus acidocaldarius includingMW001 (DpyrE)
[48], MW156 (DaapF) [20], MW451 (DaapF, ﬂaB:taa) [28], MW451complementation strains carrying plasmids with the different ﬂaB
mutations, MW039 (Dagl3) [34], and MW043 (Dagl16) [33] were
grown at 75 C in Brock medium with pH 3 [11]. The medium was
supplemented with 0.1% (w/v) NZ amine and 0.1% (w/v) dextrin as
carbon and energy source. Selection gelrite (0.6%) plates were
supplemented with the same nutrients (as above), with the addi-
tion of 10 mM MgCl2 and 3 mM CaCl2. For growth of uracil auxo-
trophic mutants (MW001, MW156, MW451, MW039, and MW043)
10 mg ml1 uracil was added to the medium. Cell growth was
monitored by measuring the optical density at 600 nm.
2.2. Construction of ﬂaB complementation plasmids
For the construction of the complementation plasmids the
nucleotide sequence of ﬂaB was synthesized containing two non-
codon modifying nucleotide exchanges, which led to the loss of
the intrinsicNcoI and BamHI restriction sites. The synthetic ﬂaBwas
cloned into pSAV1481, an improved high copy vector based on
pMZ1 (Zolghadr et al., 2007), using the restriction enzymes NcoI
and EagI, cutting at the 50and 30 of the synthesized ﬂaB, respectively.
The resulting plasmid pSVA1280 was used as a template for
oligonucleotide directed mutagenesis of ﬂaB.
In general, a PCR reaction with a speciﬁc forward and reverse
primers (Table S1), carrying a nucleotide exchange within the ﬂaB
sequence, were used to amplify the full template plasmid. The
resulting PCR ampliﬁed plasmids were digested with DpnI to
remove the methylated template plasmid pSVA1280. After puriﬁ-
cation, each construct was transformed into E. coliDH5a, and plated
on selective LB-plates containing 50 mg ml1 ampicillin. Mutagen-
esis was conﬁrmed by sequencing of the entire ﬂaB gene. To avoid
restriction in S. acidocaldarius each plasmid was methylated by
transformation in E. coli ER1821 cells containing pM.EsaBC4I
(available from NEB), which expresses a methylase. Plasmids
pSVA1281-1286, each carrying a single alanine substitution, and
the plasmids pSAV1298epSVA1302, carrying two to a total of six
asparagine to alanine substitutions in the predicted N-Glycosyla-
tion sites, were generated (Table S2).
For expression in S. acidocaldarius the different ﬂaB versions
(unmodiﬁed, single alanine/glutamine substitution, or multiple
alanine substitutions) were cloned into the expression vector
pSVA1450. For this each ﬂaB version was PCR ampliﬁed with the
specially designed primers, which incorporated at the 50 ends of the
forward primer (4171) and the reverse primer (4172) the restriction
siteNcoI and EagI, respectively (Table 1). PCR fragments derived from
the different ﬂaB derivates were cloned into the expression vector
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pSAV1320 for the unmodiﬁed FlaB, pSVA1321epSVA1326 for the
single alanine substitutions, pSVA1361epSVA1366 for the glutamine
substitutions, and pSVA1327epSVA1331 for the multiple alanine
substitutions (Table S2).
2.3. Transformation of the S. acidocaldarius MW451 (DaapF
ﬂaB:taa) mutant
Preparation of S. acidocaldarius competent cells was performed
according to Kurosawa and Grogan [27]. Brieﬂy, S. acidocaldarius
strain MW451 was grown until an OD600 between 0.1 and 0.3 in
Brock medium supplemented with 0.1% w/v NZ amine and 0.1%
dextrin). Cultures were brieﬂy cooled on ice and cells were har-
vested by centrifugation (2000 g at 4 C for 20 min). The cell pellet
was washed three times in 50 ml, 10 ml and 1 ml of ice cold 20 mM
sucrose (dissolved in demineralized water) after mild centrifuga-
tion steps (2000 g at 4 C for 20 min). Final cell pellet was resus-
pended in 20 mM sucrose to a ﬁnal OD600 of 10 and stored in 50 ml
aliquots at 80 C. Approximately 400e600 ng of methylated
expression plasmids pSVA1320 (unmodiﬁed FlaB), pSVA1321-
pSVA1326 (single substitution), or pSVA1327 e pSVA1331 (multi-
ple substitution) were added each to a 50 ml aliquot of competent
MW451 cells and incubated for 5 min on ice, before transformation
in a 1 mm gap electroporation cuvette at 2250 V, 600 U, 25 mF
using a Biorad gene pulser II (Biorad, X, USA). Directly after trans-
formation 50 ml of a 2x concentrated recovery solution (1% sucrose,
20 mM beta-alanine, 20 mM malate buffer pH 4.5, 10 mM MgSO4)
was added to the sample and incubated at 75 C for 30 min under
mild shaking conditions (150 r.p.m.). Before plating the sample was
mixed with 100 ml of heated 2 concentrated recovery solution and
twice 100 ml were spread on gelrite plates containing Brock me-
dium supplemented with 0.1% NZamine and 0.1% dextrin. After
incubation for 5e7 days at 76 C large brownish colonies were used
to inoculate 50 ml of Brock medium containing 0.1% NZ-amine and
0.1% dextrin, each culture was incubated for 3 days of 76 C. The
presence of the plasmid in each culture was conﬁrmed by PCR and
all plasmids were veriﬁed by DNA sequencing, before the motility
assay was performed.
2.4. Induction and immunostaining of the archaellin FlaB
Pellets of fresh 50 ml cultures of MW001, MW451, and MW451
complemented with expression plasmids carrying different
numbers of the N-Glycosylation sites within FlaB, were resus-
pended and grown for 4 h at 76 C in 40 ml of Brock medium
lacking NZamine as a carbon and energy source to induce archaella
synthesis [28]. Centrifuged cells were dissolved in 1 ml of 20 mM
TrisHCl and 500 mM NaCl buffer. Aliquots of 30 ml were loaded on
an 11% SDS-PAGE (100 V) and blotting to a PVDF membrane. ForTable 1
Prediction of the N-Glycosylation sites within the archaealla subunits. The N-Glycosyla
(Saci1177), FlaG (Saci1176), FlaF (Saci1175), FlaH (Saci1175), FlaI (Saci1174), FlaJ (Saci1173)
amino acids (AA), number of predicted N-Glycosylation sites (#), as well as their sequenti
likely to be modiﬁed, þ ¼ likely to be modiﬁed,  ¼ unlikely to be modiﬁed) are given.detection the primary antibody raised in rabbits against a FlaB
peptide (Eurogentech) and an anti rabbit IgGealkaline phosphatase
coupled antibody (Sigma Aldrich, St Louis, USA) were used. The
chemiﬂuorescence signal was measured in a Fujiﬁlm LAS-4000
Luminescent image analyzer (Fujiﬁlm, Duesseldorf, Germany).
2.5. Motility assay
Swimming motility was analyzed on semi-solid plates consist-
ing of 0.15% gelrite supplemented with Brock medium with a
reduced amount of NZ amine (0,0015%), Dextrin 0.1% and
10 mg ml1 uracil. To inoculate the plates aliquots of 6e7 ml corre-
sponding to the same OD600 density of cultures from MW001,
MW039, MW43, MW156, MW451, and MW451 complemented
with expression plasmids carrying different numbers of the N-
Glycosylation sites within FlaB (grown to exponential phase
(OD600 ¼ 0.5)) were spotted on soft gelrite plates. Plates were
incubated 6 days in a humid chamber at 75 C. Swimming behavior
of the different Sulfolobus strains was analyzed by measuring the
swimming radius. For the comparison of the swimming radius the
diameter of the colony border and the diameter of the swimming
border from 10 independent plates (S3) were measured. The mean
values of the calculated swimming area (diameter of outer swim-
ming border was subtracted by the diameter of the colony border)
and measured diameter of the colony border (Table S3) of the
different S. acidocaldarius strains were compared. For better com-
parison the swimming area of the strain MW451 complemented
with native FlaB was set to 100%.
2.6. Transmission electron microscopy (TEM)
For TEM cells were ﬁxed with 2.5% glutaraldehyde for 15 min at
room temperature. Cell suspensions were placed directly on glow-
discharged Formvar-coated 200-mesh copper grids (Plano, Wetzlar,
Germany). The samples were washed once with water, negatively
stained for 15 s with 2% uranyl acetate, and air-dried. Grids were
investigated either on a JEOL 3010, 300 kV transmission electron
microscope (JEOL, Eching, Germany).
3. Results
3.1. The S. acidocaldarius archaellin FlaB possesses six conserved N-
Glycosylation sites
The subunit of the archaellum ﬁlament FlaB in S. acidocaldarius
has previously been shown to be modiﬁed by the N-Glycosylation.
To predict to which extent FlaB is N-glycosylated, the amino acid
sequence of FlaB was scanned for the presence of conserved N-
Glycosylation motifs (sequons). Prediction by the NetNGlyc 1.0
Server (http://www.cbs.dtu.dk/services/NetNGlyc/) revealed sixtion sequons of each membrane bound archaellum subunit: FlaB (Saci1178), FlaX
have been predicted by the NetNGlyc 1.0 server. Subunit name, function, number of
al amino acid, amino acid position, and their glycosylation likelihood (þþþ ¼ highly
Fig. 3. A Multiple alanine substitutions of the N-Glycosylation target asparagine res-
idue of the archaellin FlaB from S. acidocaldarius resulted in a continuous decreased
molecular weight of FlaB. Protein extracts from equivalent number of S. acidocaldarius
cells MW156 (DaapF), MW451 (DaapF, DﬂaB), and MW451 complemented with the
native FlaB (pSVA1320) or mutated FlaB with one up to six aparagine to alanine
substitutions N145A, N173A, N195A, N214A, N218A, and N229A, respectively (pSVA1321,
pSVA1327-1331), were separated by 11% SDS-PAGE and immunoblotted with anti-
bodies raised against FlaB. B. Motility assay of S. acidocaldarius MW451 cells com-
plemented with FlaB and different FlaB glycosylation mutants, reveal that even cells
expressing unglycoslyated FlaB are able to swim. Equivalent amounts of
S. acidocaldarius cell cultures MW156 (DaapF), MW451 (DaapF DﬂaB), MW451 com-
plemented with plasmid pSVA1320 carrying the native ﬂaB gene, or MW451 with the
FlaB expression plasmids (pSVA1321, pSVA1327-1331) expressing FlaB with the alanine
substitutions of one to all six sequons (N145A, N173A, N195A, N214A, N218A, and N229A)
respectively, were dropped onto a 0.15% gelrite plate and incubated for 6 days at 75 C.
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possibly (þ) and the other four were highly likely (þþ/þþþ) to be
modiﬁed (Table 1). All potential glycosylation sites were located in
the predicted soluble surface exposed domain of the archaellin FlaB
between amino acid 145 and 229 (Fig. 1B). Furthermore in the
additional membrane bound subunits of the archaellum FlaX
(Saci1177), FlaG (Saci1176), FlaF (Saci1175), and FlaJ (Saci1173) N-
Glycosylation sites were predicted (Table 1).
3.2. Mutation of the glycosylation sequons decreased the molecular
weight of FlaB
To test the glycosylation status of mature FlaB, ﬂaB was cloned
into an S. acidocaldarius expression plasmid and the individual
asparagine residues in the predicted glycosylation sequons were
mutated either to alanine or glutamine (Fig. 2 and S1). The MW451
strain which was deleted for wild type ﬂaB was complemented
with plasmids expressing either native ﬂaB, or single alanine
substituted ﬂaB versions (N145A, N173A, N195A, N214A, N218A, or
N229A (pSVA1320-1326), respectively. Cell pellets of these strains
were collected and analyzed by immunoblotting with antibodies
raised against FlaB. As a control, cell pellets from MW156 strain
(DaapF), lacking the ﬁlament forming subunit aapF of the aap
(archaeal adhesive) pili resulting in a hyper motile strain [20] and
strain MW451 lacking ﬂaB and aapF [28] were used. FlaB from the
positive control strain MW156 as well as from the MW451 strain
complemented with the native ﬂaB (pSVA1320) showed a signal at
approximately 37 kDa (Fig. 2A). This size matched the calculated
molecular weight of signal sequenced cleaved FlaB peptide
(31.2 kDa) attached with multiple N-Glycans, of which a full N-
linked hexasaccharide has a size of 1.1 kDa [49]. In the negative
control strain MW451 FlaB was not detected (Fig. 2A). In all strains
that were expressing alanine substituted FlaB proteins (N145A,
N173A, N195A, N214A, N218A, or N229A respectively), FlaB was running
at a lower molecular weight than the wild type protein. This result
demonstrated that all six predicted N-Glycosylation sites were
modiﬁed in vivo. As all six N-Glycosylation sites were modiﬁed FlaB
possesses a high N-Glycosylation density, in which in average one
modiﬁcation occurs every 40e50 amino acid.
3.3. Cells with deleted N-Glycosylation sequons in the archaellin
FlaB are still motile
Previously, we showed that the deletion of the archaeal glyco-
sylation enzymes agl3 and agl16, producing N-Glycans with aFig. 2. A. All six glycosylation sites of the archaellin FlaB from S. acidocaldarius are
glycosylated. Equivalent amounts of protein extracts from S. acidocaldarius MW156
(positive control), MW451 (DaapF, DﬂaB) (negative control), and MW451 com-
plemented with ﬂaB or with mutated ﬂaB enconding FlaB with alanine substitutions
N145A, N173A, N195A, N214A, N218A, or N229A (pSVA1321-1326), were separated by 11%
SDS-PAGE and immunoblotted with antibodies raised against FlaB. B. Motility assay of
single glycosylation sequon mutants of S. acidocaldarius. Equivalent amounts of cells
from S. acidocaldarius MW156 (DaapF), MW541 (DaapF, DﬂaB), S. acidocaldarius
MW451 complemented with plasmid pSVA1320 carrying the native FlaB, or MW451
with the FlaB expression plasmids (pSVA1321-1326) carrying FlaB with the alanine
substitution N145A, N173A, N195A, N214A, N218A, or N229A (Box 4e9), were spotted onto a
0.15% gelrite plate and incubated for 6 days at 75 C.reduced size of a trisaccharide or pentasaccharide, lacking either
three or one terminal sugar residues, respectively, led to no or
almost no cell motility [33,34] (Fig. 4). As N-Glycosylation plays an
important role in cell motility, we hypothesized that substitutions
of asparagine residues at the glycan acceptor sites by alanine would
lead to a loss of motility in S. acidocaldarius. To test the functionality
of the archaellum, a motility assay was employed. Aliquots of the
hyper motile MW156 strain (DaapF), the nonmotile MW451 strain
(DaapF, DﬂaB) and MW451 complemented with the native FlaB
protein, as well as with FlaB carrying one of the aforementioned
alanine substitutions were spotted onto semi-solid gelrite plates
and incubated for 6 days at 76 C. Whereas MW451 strain lacked
motility altogether, strains expressing the native FlaB i. e. MW156
and MW451 þ pSVA1320 showed strong motility (Fig. 2B). Sur-
prisingly all MW451 strains expressing each of the FlaB mutants
were equally motile (Fig. 2B).3.4. Stepwise depletion of all N-Glycosylation sites of FlaB resulted
in a continuous decreased molecular weight of FlaB
Based on our ﬁnding that single sequon disruptions in FlaB
barely affected cell motility, we questioned whether the loss of
more than one N-Glycosylation site would impact cell motility.
Plasmids containing native ﬂaB genewith sequentially disrupted N-
Glycosylation sites were generated (pSVA1321 and pSVA1327-
1331). Cell pellets of MW156 (positive control), MW451 (negative
control), and MW451 complemented with the respective plasmids
(native ﬂaB (pSVA1320), ﬂaB with the single alanine substitution
N145A (pSVA1321), or with two to six modiﬁed N-Glycosylation
sites (pSVA1327-1331) were separated on 11% SDS-PAGE and
immunoblotted with antibodies raised against FlaB (Fig. 3A). In the
positive control strains MW156 and MW451 complemented with
native FlaB (pSVA1320) an immunoblot signal was detected at the
expected position of the native archaellin FlaB protein (~37 kDa).
The sequential alanine substitutions of the target asparagine resi-
dues within the N-Glycosylation site of FlaB resulted in a contin-
uous reduction of the molecular weight of FlaB (Fig. 3A). This result
conﬁrmed our observation that all six N-Glycosylation sites are
modiﬁed by the attachments of N-Glycans, as each disruption
Fig. 4. Motility assay A) Motility assay of S. acidocaldarius MW451 cells complemented with FlaB and different FlaB glycosylation mutants. Equivalent amounts of S. acidocaldarius
cell cultures MW156 (DaapF), MW451 (DaapF, DﬂaB), MW451 complemented with plasmid pSVA1320 carrying the native ﬂaB gene, or MW451 with the FlaB expression plasmids
(pSVA1321, pSVA1327-1331) expressing FlaB with the alanine substitutions of one to all six sequons (N145A, N173A, N195A, N214A, N218A, and N229A) respectively, the background
strains MW001, as well as the N-Glycosylation process defected strains Dagl3 and Dagl16, were dropped onto a 0.15% gelrite plate and incubated for 6 days at 75 C. B) Differences in
the swimming area. The mean values of the calculated swimming area (diameter of outer swimming border was subtracted by the diameter of the colony border; dark grey) and of
the colony border (light grey), respectively from S. acidocaldarius MW156 (DaapF), MW451 (DaapF DﬂaB), S. acidocaldariusMW451 complemented with plasmid pSVA1320 carrying
the native ﬂaB gene or MW541 with the FlaB expression plasmids (pSVA1321, pSVA1327-1331) expressing FlaB with the alanine substitutions of one to all six sequons (N145A, N173A,
N195A, N214A, N218A, and N229A) respectively, background strain MW001, as well as the N-Glycosylation process impaired strains Dagl3 and Dagl16, derived from 10 different plates.
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calculated size of one full N-linked hexasaccharide.
3.5. Cells expressing non N-glycosylated archaellins are still motile
Since loss of individualN-Glycosylation sites in FlaB did not result
in reducedmotility,wereasoned thatmultiple substitutionsof theN-
glycan acceptor residue asparagine to alanine might lead alter
S. acidocaldariusmotility. To analyze cell motility, aliquots ofMW156
(DaapF), MW451 (DaapF, DﬂaB), and MW451 strain complemented
with the native ﬂaB (pSVA1320) or FlaB with one to multiple alanine
substitutions (pSVA1321 or pSVA1327-1331) were spotted onto
semi-solid gelrite plates and incubated for 6 days. As expected the
positive control strains MW156 and MW451 þ pSVA1320, showed
motility, whereas the negative control strain MW451 nonmotile
(Fig. 5). All MW451 derivates complemented with expression plas-
mids carrying either FlaB lacking one (pSVA1321), two (pSVA1327),
three (pSVA1328), four (pSVA1329), ﬁve (pSVA1330), or all six
(pSVA1331) N-Glycosylation sites proved to be motile (Fig. 3B).
3.6. FlaB lacks glycosylation of non conversed sequons
In Hbt. salinarum alteration of the conserved sequon (NxS/T)
toward a motif possessing lysine, asparagine or valine at the thirdFig. 5. TEM analysis of negatively stained archaella ﬁlament from strains com-
plemented with the native or non glycosylated FlaB revealed no alteration in the
structure. The negative control strain MW451 (DaapF, DﬂaB) exhibits no archaella. The
MW156 (DaapF), MW451 complemented with the native FlaB (pSVA1320) or non
glycosylatated FlaB (pSVA1331), showed archaella attached to the cells. Size bars
represent 400 nm.position (NxL, NxN, or NxV) have been shown to be also acceptors
for the N-Glycosylation [50]. Search for these additional motifs in
S. acidocaldarius FlaB revealed three sites N66VL, N133KV, and
N207DN, respectively (Fig. 1, greenmarked). The depletion of the six
N-Glycosylation sites of FlaB resulted in an expected reduced mo-
lecular weight of FlaB, however whether FlaB is under this condi-
tion fully unglycosylated was not clear. The deletion of the
oligosaccharyltransferase AglB would diminish the N-Glycosylation
of all proteins, including FlaB, and could therefore be used as a
control. However, in contrast to Hfx. volcanii, M. maripaludis and
M. voltae, where aglB can be deleted, aglB is essential in
S. acidocaldarius [32]. As all conserved N-Glycosylation sites were
modiﬁed, only unusual sites might additionally be modiﬁed. To test
whether the nonconserved site are also modiﬁed glutamine sub-
stitution of the asparagine within these sites (N66VL, N133KV, and
N207DN) were performed to avoid any major impact on FlaB sec-
ondary structure. No alternation in the molecular weight of FlaB or
any change in the motility of theses strains was observed (Fig. S2).
These results demonstrate that FlaB is not modiﬁed at these sites
indicating that FlaB depleted with all six conserved sequons is fully
devoid of N-Glycans.
3.7. Motility is 40% reduced in cells expressing the non glycosylated
FlaB
As even cells expressing FlaB depleted of all conserved N-Glyco-
sylation sites retained their motility (Fig. 3B), wewanted to compare
the functionality of the archaellum in strains complemented with
one to six depleted N-Glycosylation sites. Therefore radii of the col-
ony borders and outer swimming borders from each strain were
measured after 6 days incubated on ten independent semi-solid
gelrite plates. For each strain the radii of the colony borders were
subtracted from the radii of the outer swimming border, gaining the
average swimmingareas (Fig. 4B, Table S3, Fig. S3). Themotilityof the
MW156 strain is slightly decreased in comparison to the MW451
strain expressing the native FlaB from the expression plasmid
(psVA1320). This difference in swimming behavior is not signiﬁcant
but might be based on a slightly higher expression of FlaB from the
expression plasmid when compared to the wild type promoter. To
allow a comparison of the motility displayed by the different com-
plemented strains the swimming area of the MW451 strain
expressing the native FlaB from the expression plasmid (pSVA1320)
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did not signiﬁcantly change the swimming area, whereas the de-
pletions of the ﬁrst two (MW451 þ pSVA1327) and the ﬁrst three
sequons (MW451 þ pSVA1328) led to a small reduction of the
swimming area. Interestingly the depletion of the ﬁrst four sequons
(MW451 þ pSVA1329) and the ﬁrst ﬁve N-Glycosylation sites
(MW451 þ pSVA1329) resulted in an increased motility (115% or
110%, respectively). However, the depletion of one additional N-
Glycosylation site, leading to the fully non glycosylated FlaB, lacking
all six N-Glycosylation sites, showed a 40% reduced motility
compared to the fully glycosylated FlaB. In contrast to MW451
complemented with the non-glycosylated FlaB (pSVA1331), for
which swimming could bedetected, no or limitedmotility (4%) could
be observed in the Dagl3 and Dagl16 deletion strain, respectively.
However, a direct comparison of the two deletion strains to the
MW451 strains is misleading, as these two strains still express Aap
pili. Expression of Aap pili has been shown to be linked with the
expression of the archaellum [19]. Therefore themotility of theDagl3
and Dagl16 deletion strain has to be compared to MW001 strains,
expressing Aap pili. Although the motility is slightly reduced in the
MW001 compared to theMW156 strain, the effectof the impairedN-
Glycosylation (Dagl3 and Dagl16) is signiﬁcant. The motility of the
Dagl16 strain is more than 94% reduced compared to the MW001
strain (Fig. 4, Table S3). In the contrary, in the Dagl3 strain the
swimming ability is completely abolished.
3.8. The structure of the unglycoslyated archaellum ﬁlament is not
altered
To analyze whether the reduced motility is due to a structural
change in the archaellum ﬁlament in the MW451 strain com-
plemented with the non glycosylated archaellins FlaB, the presence
of cell appendages in each strain was analyzed by transmission
electron microscopy (TEM). Under starvation conditions, which
induces archaella synthesis [28], no archaella could be detected in
the negative control strain MW451. However, the MW451 strains
complemented with the native or non glycosylated FlaB showed
archaella ﬁlaments, which were similar in length to the ﬁlaments
formed by the positive control strain MW156 (Fig. 5). Therefore the
archaellum ﬁlament is assembled and likewise stable in the non
glycosylated state, similar to the native glycosylated ﬁlament.
4. Discussion
In this paper we demonstrated that all six bioinformatically
predicted N-Glycosylation sequons in the S. acidocaldarius arch-
aellin FlaB are indeed modiﬁed by the covalent attachment of N-
Glycans. All N-Glycosylation sites are located in the globular
domain of FlaB and are predicted to be surface exposed, indicating
that the N-Glycans cover the archaellar ﬁlament. S. acidocaldarius
FlaB possesses a high N-Glycosylation frequency, in which one
modiﬁcation occurs in average every 40e50 amino acid. Also other
archaella ﬁlaments are modiﬁed in a similar extend. InM. voltae the
archaella ﬁlament consists of four related archaellins, FlaA, FlaB1,
FlaB2 and FlaB3, with two, ﬁve, six and two predicted N-Glycosyl-
ation sites, respectively [47]. The modiﬁcation of each of these N-
Glycosylation sites has been experimentally conﬁrmed, except for
one [47]. In the moderate halophilic Hfx. volcanii the archaellar
ﬁlament consists of the major archaellin, FlgA1, and a minor arch-
aellin FlgA2, with three and ﬁve predicted N-Glycosylation sites,
respectively. Mass spectrometry analyses conﬁrmed the modiﬁca-
tion of all three predicted glycosylation sites within FlgA1 [44]. The
importance of these modiﬁcations for the function of the arch-
aellum has been demonstrated in Archaea. Strains from Hfx. vol-
canii, M. maripaludis and M. voltae lacking theoligosaccharyltransferase AglB, which catalyzes the transfer of the
N-glycan onto the target protein, are nonmotile [1,14,46]. Although
non-glycosylated archaellins appeared to be stable in DaglB strains,
archaella ﬁlament formation was not observed in the deletion
mutants. The deletion of agl genes involved in the intermediate
steps of the N-glycan biosynthesis also impaired cell motility
[14,44]. Strikingly even the loss of only one terminal mannose
residue of theHfx. volcaniiN-glycan led to nonmotile cells, although
the loss of two terminal sugar residues swimming could be
detected [44]. In S. acidocaldarius the reduction of the N-linked
hexasaccharide to a trisaccharide or a pentasaccharide, lacking also
only one terminal glucose residue, resulted in no or signiﬁcant
reduced cell motility, respectively [33,34]. As no archaella could be
visualized in both mutants, these results indicated that the
biosynthesis of the full N-Glycans is essential for the assembly and
function of the archaellum. However, these results did not clarify
whether the loss of motility is directly correlated to the glycosyl-
ation of the archaellins themself or indirectly due to the loss in
activity of another protein, whose function may be compromised
due to the reduced N-glycan size.
Our results revealed that the substitution of single as well as all
six asparagine N-glycan acceptor residues to alanine or glutamine
within FlaB does not result in non-motile cells of S. acidocaldarius.
Thus, the N-Glycosylation of FlaB itself is not essential for the as-
sembly and function of the archaellum in S. acidocaldarius. These
results are in contrast to a recent study, in which single depletions
of N-Glycosylation sites within the archaellin FlgA1 in Hfx. volcanii
resulted in the loss of motility [44]. The Hfx. volcanii strain DﬂgA1
complementedwith FlgA1 including single or three substitutions of
the asparagine residues to glutamine residues within the three
conﬁrmed glycosylation sites were non-motile, whereas the
complementation with the native FlgA1 restored motility. Even the
depletion of all six conserved N-Glycosylation sites within FlaB in
Sulfolobus did not prevent cell motility, however the swimming
radius was reduced of about ~40% compared to the native FlaB. This
might be caused by an altered stability of the non-glycosylated
ﬁlament, however analysis of the non glycosylated archaella ﬁla-
ment under the TEM revealed a similar structure and length
compared to the glycosylated ﬁlament. This underlines that N-
Glycosylation of FlaB is not essential for the assembly and stability
of the ﬁlament.
In contrast, the signiﬁcant loss of cell motility in the Dagl16
strain lacking only on terminal glucose of the N-glycan is aston-
ishing. Although the glycosylation of the ﬁlament is not essential
for the function of the archaella, the biosynthesis of the full N-
glycan in general is. The disruption of the general N-Glycosylation
process indeed affects all cellular glycoproteins, which might lead
to the loss of their biological function. Indeed also other cellular
defects are displayed N-Glycosylation defected S. acidocaldarius
strains, including reduced cell growth at elevated salinities or low
cell wall stability [33,34]. Also other components of the archaellum
than FlaB might be affected by defects in the N-Glycosylation pro-
cess, as these are predicted to be glycosylated (Fig. 1). A reduced N-
glycan sizemight interferewith the proper folding of these proteins
preventing the correct assembly of the archaellum in the cell en-
velope. The cytoplasmic motor complex build by FlaX, FlaI and FlaH
could be assembled in vitro from components expressed and pu-
riﬁed from E. coli [7] [8], therefore glycosylation most probably
plays no role in this part of the archaellum assembly.
The rotation of the S. acidocaldarius archaella has recently been
demonstrated [41]. In order to rotate the rotor complex has to be
anchored to gain a resistance of the driving force so the torque is
transmitted to the archaellum ﬁlament, as otherwise the motor
complex would rotate instead of the ﬁlament. In Bacteria the active
ﬂagella rotor complex is anchored to the cell wall. The interaction of
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the stator complex [43]. As most Archaea possess a glycosylated S-
layer as their sole cell wall [2], theses S-layer or the attached gly-
cans might be used for binding and tethering the archaellum to the
cell wall. Defects in the structure of these N-Glycans would have
great inﬂuence on the binding behavior, as carbohydrate binding
domains are very speciﬁc to their substrate [18]. A loose binding to
the N-glycan of the cell wall would lead to a disengaged motor
complex unable to rotate the archaella. . In all archaellated archaea
themonotopic membrane proteins FlaG and FlaF, with an unknown
function are found. These proteins have been shown to be essential
for the assembly of the archaella, as the deletion of these two genes
as well as all other ﬂa genes resulted in none archaellated cells [28].
The interaction of the rotor complex to the N-linked S-layer might
be mediated by the large c-terminal domain of FlaG and/or FlaF,
however sofar experimental evidence are missing. Interestingly, in
contrast to archaellum the assembly of pili is not affected by defects
in the N-Glycosylation process in Archaea. Although the pili in
M. maripaludis have been shown to be glycosylated deletion of aglB
still resulted in piliated cell [46]. Also in S. acidocaldarius the ﬁla-
ment of Aap pili in the Dagl3 and Dagl16 strains are found [33,34].
The major pilin AapB (Saci2319) was well as the proposed minor
pilin AapA (Saci2314) [19] possess three and two predicted N-
Glycosylation site, respectively, which are likely to be N-glycosy-
lated. In contrast to the rotating archaellum the Aap pilus is not
involved in motility [20], as so these structures lacking any rotary
forces andmight therefore not need a tight interactionwith the cell
wall to be assembled.
Further studies on the assembly, function and glycosylation of
the archaella as well as the other cell appendages in Sulfolobus will
give new insight whether there is a tight interaction between
subunits of the archaella and the cell wall structure and for which
stage in the assembly or rotation of the archaellum N-Glycosylation
plays an important role.Acknowledgments
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